Purpose: To compare the fracture mechanics, microstructure, and elemental composition of lithography-based ceramic manufacturing with pressing and CAD/CAM. Materials and Methods: Disc-shaped specimens (16 mm diameter, 1.2 mm thick) were used for mechanical testing (n = 10/group). Biaxial flexural strength of three groups (In-Ceram alumina [ICA], lithography-based alumina, ZirkonZahn) were determined using the "piston on 3-ball" technique as suggested in test Standard ISO-6872. Vickers hardness test was performed. Fracture toughness was calculated using fractography. Results were statistically analyzed using Kruskal-Wallis test followed by Dunnett T3 (α = 0.05). Weibull analysis was conducted. Polished and fracture surface characterization was made using scanning electron microscope (SEM). Energy dispersive spectroscopy (EDS) was used for elemental analysis. Results: Biaxial flexural strength of ICA, LCM alumina (LCMA), and ZirkonZahn were 147 ± 43 MPa, 490 ± 44 MPa, and 709 ± 94 MPa, respectively, and were statistically different (P ࣘ 0.05). The Vickers hardness number of ICA was 850 ± 41, whereas hardness values for LCMA and ZirkonZahn were 1581 ± 144 and 1249 ± 57, respectively, and were statistically different (P ࣘ 0.05). A statistically significant difference was found between fracture toughness of ICA (2 ± 0.4 MPam 1/2 ), LCMA (6.5 ± 1.5 MPam 1/2 ), and ZirkonZahn (7.7 ± 1 MPam 1/2 ) (P ࣘ 0.05). Weibull modulus was highest for LCMA (m = 11.43) followed by ZirkonZahn (m = 8.16) and ICA (m = 5.21). Unlike LCMA and ZirkonZahn groups, a homogeneous microstructure was not observed for ICA. EDS results supported the SEM images. Conclusions: Within the limitations of this in vitro study, it can be concluded that LCM seems to be a promising technique for final ceramic object manufacturing in dental applications. Both the manufacturing method and the material used should be improved.
All-ceramic restorations have become very popular among patients demanding high esthetics and have been a material of choice for both posterior and anterior regions. The strength and toughness of ceramic core is combined with the esthetics of the veneering porcelain in an all-ceramic restoration. 1, 2 An enormously increasing variety has been observed in allceramic material choices and processing techniques in the past three decades. Ceramic systems can be classified according to the manufacturing technique used to prepare both the core and the veneering porcelain (pressable, slipcasting, milling, or sintering) or according to the chemical composition. [2] [3] [4] In addition to heat-pressing, techniques like slip-casting and computeraided design/computer-aided manufacturing (CAD/CAM) have been developed for all-ceramic manufacturing.
In-Ceram alumina (ICA; VitaZahnfabrik, Bad Sackingen, Germany) is an alumina-reinforced ceramic that has been used as a core material for crowns and anterior 3-unit FPDs for more than 2 decades. 5, 6 An approximately 20% larger die is manufactured using CAM. A larger die is necessary to compensate for sintering shrinkage. A high purity alumina-based core ceramic is dry pressed and sintered to create a highly crystalline ceramic. 7 The subtractive CAD/CAM method has been used in manufacturing ceramic crowns since the 1980s. It enables fast and standard production in addition to eliminating technique sensitivity, since the system prevents the manmade steps. Although CAD/CAM systems are progressing enormously, they are still incapable of manufacturing highly complex parts or fine details.
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Although these production techniques reach a relatively high flexural strength, a major problem still exists concerning all-ceramic materials: their nature is prone to fracture. Thus all-ceramic restorations might be contraindicated in some instances, especially in high stress bearing areas. 8, 9 With the introduction of Y-TZP to the dental armamentarium, fabrication of long-lasting, acceptably esthetic fixed partial dentures (FPDs) has been possible with increased success rates. The main advantage of Y-TZP ceramic is its increased mechanical properties. 10 However, fabricating Y-TZP ceramic restoration is technique sensitive.
Restorations with Y-TZP ceramics can be fabricated from fully or partially sintered Zr blocks. It is well documented that fabricating restorations with fully sintered Zr blocks have some disadvantages. 11 Flaws created while milling fully sintered Zr blocks can cause failure of the restoration due to phase transformation induced stresses. Additionally, laboratory time and expenses are increased. On the other hand, restorations fabricated with partially sintered Zr blocks can eliminate the formation of the microcracks; however, these restorations are subjected to dimensional changes of up to 20% during the sintering process. These dimensional changes can jeopardize the marginal accuracy. Moreover, independent of whether a restoration is made of partially or fully sintered Zr blocks, there is an inherent incompatibility between zirconia and veneering porcelain, which can cause chipping or cracking of the veneering porcelain. [12] [13] [14] [15] [16] [17] A new production method is needed to build up ceramic restorations. Hence, layered manufacturing techniques that are used successfully for production of metal structures should be a good option for dental ceramic applications. [18] [19] [20] [21] [22] [23] [24] Lithography-based ceramic manufacturing (LCM) is an alternative technique to subtractive CAD/CAM technology in dentistry. The final object is manufactured layer-wise using the CAD data (.stl), and the manufacturing is made via computer, similar to subtractive CAD/CAM technology. The system is also an additive CAD/CAM technology. 25 This new technology has some advantages compared to the conventional methods: reducing manufacturing time and cost and enabling production of structures with high mechanical properties. The LCM technology integrates photosensitive resin-coated ceramic particles using a LED device layer-wise. 26 Photo initiators that cover ceramic particles are activated using a LED device, and hence ceramic particles are fused. Polymerization is followed after each layer until the manufacturing process is completed. This innovative technique allows the production of small structures with complex shapes and very fine details that are not possible to be manufactured by other methods.
Results have shown that the method was promising if the manufacturing method could be improved by optimizing the parameters. Satoh et al evaluated the firing shrinkage of porcelain-resin composites prepared by laser lithography. 28 Although it is possible to manufacture dental ceramic restorations using layered manufacturing techniques, no study has been published in this field since 1999.
Mechanical properties of dental ceramic materials are important for the longevity of dental restorations. Different methods have been used to evaluate mechanical properties. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Various The 3-point flexural strength test has been commonly used for testing the strength of dental ceramic; however, flaws on the specimen edge calls into question the reliability of the test. 6 The 3-point bending test result is affected by the surface finish of the specimen. To eliminate edge failures and to demonstrate the stress within the central loading, the biaxial flexural test is a reliable and convenient technique (ISO 6872) for evaluating mechanical properties of brittle materials. 29, 30 The aims of this study were to establish whether LCM could be used to manufacture dental ceramic structures and compare the fracture mechanics, microstructure, and elemental composition of LCM ceramic specimens with pressing and CAD/CAM methods. The null hypotheses of this study were; (1) LCM is a viable method for producing dental ceramic structures and (2) mechanical properties, microstructure, elemental composition, and fracture surface of ceramic specimens produced using LCM method will not be different from the other groups.
Materials and methods

Specimen preparation
Three all-ceramic core materials were evaluated: ICA, CAD/CAM zirconia, and lithography-based sintered alumina (LCMA). Details of the materials tested are given in Table 1 .
For preparation of ICA test specimens, a stainless steel mold (diameter 20 mm, 1.5 mm depth) was manufactured 25% larger than the ISO test specifications. Acrylic resin disc patterns (Pattern Resin LS; GC America Inc, Alsip, IL) were prepared with the steel mold. After surface irregularities were inspected, an impression of the acrylic disc was taken with type A silicone impression material (Panasil; Kettenbach USA, Huntington Beach, CA), and a silicone mold was fabricated. Alumina powder and liquid were mixed according to the manufacturer's instructions (38 g powder to 5 ml liquid). The slurry was loaded with a fine brush into the silicone mold. The disc-shaped mixture was dried, demolded, and subjected to firing process for 10 hours at 1120°C. Following the first firing, the specimens were subjected to glass infiltration process and subjected to a second firing for 5 hours at 1100°C. After reaching room temperature, ceramic discs were inspected for surface porosities. The dimensions of the discs were ensured with a digital caliper. Disc-shaped specimens meeting the standards of ISO 6872 were generated as a CAD model for LCMA test specimens. 39 The generated model was converted to STL, and specimens were prepared with CeraFab 7500 (Lithoz) using LithaLox HP 500 (Lithoz) high-purity alumina material. The technical specifications of CeraFab 7500 are given in Table 2 . Prepared ceramic discs were inspected for surface porosities, and the dimensions were assured with a digital caliper.
Zirconia test specimens were prepared from partially sintered zirconia blocks (ZirkonZahn) with a Yenadent D 43 (Turkuaz Dental, Izmir, Turkey) milling device and sintered (Sintramat; Ivoclar Vivadent, Schaan, Lichtenstein) for 8 hours at 1500°C. Zirconia discs were inspected for surface porosities, and the dimensions were assured with a digital caliper. Finally, 30 disk-shaped specimens were prepared (N = 10/group) with a diameter of 16 ± 0.2 mm and width of 1.2 ± 0.2 mm.
Biaxial flexural strength test
Each disc was positioned on three balls and loaded from the center according to ISO 6872. A thin silicone sheet was placed between the piston and the specimen to prevent increased stress concentration (Fig 1) . The test was conducted using a universal testing machine (Testometric, Lancashire, UK) at a 0.5 mm/min crosshead speed until failure occurred. 2 The peak load was recorded and the biaxial flexural strength was calculated using the following equation:
where S is the maximum center stress (MPa; the peak flexural strength at fracture); P is the peak load (N); and d is the thickness of the specimen. X and Y were determined as follows:
where ν is Poisson's ratio, r 1 is the radius of the support circle (mm), r 2 is the radius of the loaded area (mm), r 3 is the radius of the specimen (mm); d is the specimen thickness at the origin of fracture (mm). 40 For this study, ν = 0.25, r 1 = 12 mm, r 2 = 1.2 mm, and r 3 = 16 mm.
Fracture toughness determination
Following the biaxial flexural testing, fractographic analysis was performed to calculate the fracture toughness, K IC , of the dental ceramics. 27 The images of fracture surfaces obtained with scanning electron microscope (SEM) were used to measure fracture toughness. Fracture depth and fracture width values were calculated with the image J program (NIH, Bethesda, MD). The maximum Y (either Y depth or Y surface ) was used in the conventional equation for fracture toughness calculation:
where a is the crack depth (m), σ f is the fracture stress at the origin (MPa), and Y is the dimensionless stress intensity shape factor. 41 Several studies explain in detail how crack depth can be used in fracture toughness calculations.
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Microhardness test
Indentations were performed using a Vickers hardness tester (IndentaMet 1100; Buehler, Lake Bluff, IL). For the microhardness test, 1 kg of force (9.8 N) was exerted for 15 seconds on the ceramic surfaces. Following the removal of force, the notch was measured. The results were indicated as Vickers hardness values (VHN). Each specimen was indented at five equidistant locations, and the average of five measurements provided the hardness value of each specimen. The average of ten specimens per group provided the mean hardness of each manufacturing group.
Microstructure examination
One piece of the fractured parts per specimen was preserved and used to examine the fracture surface and evaluate the fracture microstructure. Another piece of each specimen was embedded in resin, polished as suggested, and coated with platinum for the examination of the polished surface microstructure. Scanning electron microscopy (SEM; QUANTA 400F Field Emission SEM; ThermoFisher Scientific, Hillsboro, OR) and energy dispersive spectroscopy (EDS) (JXA-8230 Electron Probe Microanalysis device; JEOL Ltd., Tokyo, Japan) were used for the fractographic and elemental analysis, respectively. The fracture origins were determined by SEM images of fracture surfaces. By going through the fracture markings backwards, the initiation sites were traced. Typical fracture surface markings for brittle materials were twist hackle (river marks), wake hackle (fracture tails), Wallner lines, and branching locations.
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Statistical analysis
Results were statistically analyzed using Kruskal-Wallis Test (nonparametric) followed by post hoc Dunnett T3 test with statistical analysis software (SPSS 21.0 for Windows Evaluation Version; SPSS Inc., Chicago, IL). Weibull analysis was also conducted, 29 and Weibull modulus was calculated for each group using SPSS 21.0.
Results
Biaxial flexural strength test
Mean values for strength at peak, fracture toughness, and hardness values for the three materials are listed in Table 3 . The Zirkonzahn group had the highest peak strength value, while the ICA group presented the lowest. The peak strength values of all three groups were significantly different (P ࣘ 0.05). For mean fracture toughness values, ICA was significantly different from the other two groups.
The Vickers hardness values for three groups were significantly different (P ࣘ 0.05). LCM alumina had the highest mean Vickers hardness value, followed by ZirkonZahn and ICA. A statistically significant difference was observed for all pairwise comparisons (P ࣘ 0.05).
Weibull analysis
Since fracture data is not normally distributed, a Weibull analysis was conducted. The highest Weibull modulus was observed for LCM group (11.43) followed by ZirkonZahn (8.16) and ICA (5.21) groups (Fig 2) . Figure 3 shows SEM images of the ICA specimen. A matrix and the crystalline phase were observed in the microstructure. Alumina particles in the crystalline phase were dispersed, with different shapes and in varying sizes. Three phases were observed in the matrix, which showed a homogeneous distribution. Porosities with either sharp edges or circular shape were also observed in the microstructure of ICA specimens (Fig 3A) . Elemental differences were observed in the back-scattered electron (BSE) image (Fig 3B) , where the darker areas contained elements with a lower atomic number.
Microstructure analyses
The microstructure of LCMA is shown in Figure 4 , where homogeneous landmarks of layered manufacturing can be observed. The secondary electron (SE) image shows a monophase with sharp edges and homogenous microstructure; however, evenly dispersed porosities were also observed (Fig 4A) . The BSE image confirmed the homogenous elemental composition of LCMA alumina (Fig 4B) . Figure 5 shows the SEM images of the ZirkonZahn specimen. Homogenously dispersed spherical precipitates were observed within the microstructure. Unlike the other two production methods, there were almost no porosities in this last group (Fig 5B) . A much denser microstructure was seen; however, at least three different phases were noticeable in the higher magnification BSE image (Fig 5B) . Figure 6 shows the SEM images of the fracture surfaces of specimens. The fracture origins were found by following the river marks at the outer-most edge, followed by hackle region and the inner-most mist area as shown by Mecholsky. 43 The center of the semicircular fracture surface provided the fracture origin. Therefore, the radial cracks initiating from the crack origins and spreading outward were obvious. More precipitates were observed in the fracture surface of ICA ceramics (Fig 6A) compared to LCMA (Fig 6B) and CAD/CAM ZirconZahn (Fig 6C) groups. Signs of brittle fracture were observed in the ICA group, as shown with the thicker arrow (Fig 6A) . A dense fracture surface was observed for the LCMA group. The thick white arrow at the top of the image showed the fracture origin, which was initiated from a precipitate ( Fig  6B) . The nature of the brittle fracture could be observed on the fracture surface of the CAD/CAM ZirkonZahn group (Fig 6C) . Surprisingly, more precipitates were observed on the fracture surface of the ZirkonZahn group compared to the LCM alumina group.
Elemental composition
The elemental compositions of the tested materials are shown in Table 4 . The weight percentages found for ICA were: 65.2% Al, 6.1% Si, 1% Ca, and 27.6% La. Considering the EDS analysis results of LCMA, it seemed to be 100% alumina as the manufacturer stated. The EDS analysis result of ZirkonZahn yielded 100% zirconia.
Discussion
The results of the current study have shown that LCM is a viable method for manufacturing dental ceramic structures; however, the null hypothesis was rejected, since there were statistically significant differences between mechanical properties, microstructure, and elemental composition of ceramic discs produced using different manufacturing techniques. Guazzato et al evaluated the biaxial flexural strength of zirconia-based ceramics and found that the mean strength values of ICA and In-Ceram Zirconia (ICZ) were 600 and 620 MPa, respectively. 31 The results presented by Guazzato et al are in agreement with the results of the current study. The mean flexural strength of ICA found in the current study was relatively lower than the mentioned study. 35 Wen et al tested biaxial flexural strength of ICA discs and reported a strength value of 433 MPa, which was higher than the results of the current study. 29 The piston diameter affected the results of the flexural strength. 36 Decreased results were observed as the piston tip diameter was increased, which was an anticipated result. The piston tip diameter (1.6 mm) used in the current study was prepared according to ISO 6872 standard and was higher than the ones in the above-mentioned studies.
Durability of zirconia-based ceramics was evaluated using the biaxial bending test. The results indicated that Y-TZPbased ceramics showed better mechanical properties than all other ceramic substructures. 12 These values are higher than the observed values for ZirkonZahn found in the present study. Yilmaz et al have shown that the mean biaxial flexural strength of bilayer zirconia specimens was 591 MPa for Cercon (DeguDent, Hanau, Germany) and 804 MPa for Lava (3M ESPE, Seefeld, Germany). 35 Results from these two studies were in agreement with the results of the current study.
The present study has several limitations making it difficult to compare the results of the current study directly with clinical situations. The mechanical tests used in this study are the initial steps used to evaluate the mechanical properties of a dental ceramic manufactured using a new technique. The ISO standard was preferred for regulating the test, and a standard size regulated by ISO was used for manufacturing the specimens; however, future studies should be conducted to evaluate the clinical performance.
Although the flexural strength of LCM alumina was significantly higher than ICA, it was significantly lower than zirconia. It was hypothesized that there would be no statistically significant difference between LCM and CAD/CAM for mechanical properties. The hypothesis was established assuming that since LCM is a layered manufacturing technique, it would eliminate the manufacturing stresses created during milling of ceramic manufactured using the subtractive CAD/CAM method; however, the stress values established during manufacturing of either LCM ceramic discs or the other manufacturing methods were not measured. Nevertheless, the porosities observed in SEM images of the LCM group clarify the relatively lower strength values. Although the manufacturing stresses are assumed to be lower in the LCM group, the lower mean flexural strength observed in the LCM group might be attributed to the porosities created during layered manufacturing. LCM uses LED technology to fuse resin-coated ceramic particles. The porosities might be established due to the polymerization shrinkage of resin coating; however, such manufacturing defects can be overcome by future improvements of the manufacturing method. Future studies should be conducted to improve the method.
An interesting finding of the current study was that although the mean flexural strength of the LCM group was lower than CAD/CAM group, the Weibull modulus was higher. Since fracture data of brittle materials are not normally distributed, Weibull analysis is commonly used for strength data analysis of brittle materials. A lower Weibull modulus indicates more spread data and higher variability among measurements. A higher mean Weibull modulus for the LCM group indicated a less spread distribution (lower variability) compared to the other groups.
The sample size of each group was ten in the present study; however, Quinn and Quinn recommended a sample size of 30 when Weibull analysis should be conducted. 44 However, several studies have been conducted on fewer than 30 specimens, and Weibull analysis was used. 45, 46 Although a smaller sample size yielded enough data to analyze the Weibull modulus, it is a limitation of the current study.
ICA is an alumina-reinforced ceramic. It is not a contemporary production method and very rarely used for clinical applications; however, since the LCM method was able to produce only alumina discs when the current study was designed, inclusion of a manufacturing method as a control that could manufacture alumina discs was critical. Therefore, it was mandatory to include the ICA group. Currently, zirconia restorations can also be manufactured using the LCM method. Therefore, it is important to conduct studies on LCM zirconia as well. The effect of neither a wet environment nor temperature changes simulating intraoral conditions were intended. Nevertheless, both could have affected the results and should have been evaluated; however, one of the purposes of the initial study was to evaluate if ceramic discs can be established using layered manufacturing. Therefore additional parameters were not evaluated. On the other hand, authors are aware that the surface roughness differences might affect the flexural strength of dental ceramics. Intentionally, no surface polishing processes were conducted on ceramic discs in order to simulate the clinical conditions.
The overall purpose of this study was to evaluate whether dental ceramic discs could be manufactured using a layered manufacturing technique. The results of this study have shown that dental ceramic can be manufactured using one of the layered manufacturing techniques: lithography-based ceramic manufacturing. However, both the mechanical and the microstructural results have shown that the method needs to be improved before clinical application. Fracture toughness can be calculated by different ways. Scherrer et al have published a paper on comparison of threefracture toughness testing techniques using a dental glass and a dental ceramic. 41 The authors concluded that an agreement between different testing methods could be observed only when the guidelines of indentation tests were strictly adhered to. They claimed, "The decision on which method to use should be based on a sound understanding of the conceptual limitations and technical difficulties inherent to each technique." The digital workflow in prosthetic dentistry is getting more common, leading to standardized manufacturing and shortened manufacturing time. The milling method is widely used for ceramic restoration manufacturing; however, the microcracks obtained during the milling step weaken the ceramic material. Therefore, improvements in layered manufacturing of dental ceramics are necessary. LCM can be used not only for FPD manufacturing but also for cranial scaffolds, which might necessitate the manufacturing of highly complex parts that are extremely hard to produce with contemporary milling methods.
Conclusions
Within the limitations of this in vitro study, the following conclusions were drawn:
1. Lithography-based ceramic manufacturing can be used to produce ceramic parts. 2. The mechanical properties and manufacturing of LCM ceramics seem to be promising; however, strength, fracture toughness, material and manufacturing method should be improved. 3. The microstructure of the LCM group was homogenous and dense; however, the porosities observed in the microstructure should be eliminated to increase the mechanical properties.
